Abstract-Individual microgrids have proven their ability to provide uninterrupted power to critical end-use loads during severe events. Building on the performance of individual microgrids during extreme events, there has been an increasing interest in the operations of network microgrids. By networking microgrids during extreme events, it is possible to share resources, increase the duration for which they can operate islanded, improve efficiency, and increase the resiliency of critical end-use loads. While there are benefits to networking the operations of resiliency-based microgrids, the switching operations that they require introduce transients, which can result in a loss of dynamic stability. The issue of dynamic stability is especially acute in microgrids with high penetrations of inverter-connected generation, and correspondingly low system inertia. While the low inertia of these microgrids can be increased by over-sizing the rotating generators, the increased capital and operating costs can become a barrier to deployment. This paper will present a method of augmenting primary frequency controls to support the switching transients necessary for the operation of networked microgrids, without the need to over-size rotating machines.
I. INTRODUCTION

I
SLANDED microgrids have proven their ability to provide uninterrupted power to critical end-use load during extreme events [1] - [3] . However, if the bulk power system is unavailable for an extended period, there can be a desire to interconnect individual microgrids to share resources to support critical end-use loads [4] . The challenge with interconnecting microgrids under these conditions is that switching operations between microgrids can result in large deviations in the frequency and voltage, and the possible collapse of one or more of the microgrids. The large deviation in frequency and voltage arise due to three issues. First, in order to interconnect two or more microgrids, it may be necessary to energize relatively large portions of de-energized conductor and the associated loads, which results in inrush currents [5] - [8] . Second, to minimize emissions, many of the available generation assets can be renewables that are interconnected with grid-following inverters which provide no inertia [9] - [12] . For microgrids that regulate frequency and voltage with grid-forming inverters, low inertia may not be an issue if the inverter controls are fast enough. However, the grid-forming inverters in such microgrids are less common, and more expensive than the grid-following inverters typically deployed for small solar PV [9] - [12] . Third, during a switching transient, it may not be possible for the system frequency to be maintained within the normal operating ranges for inverters prescribed in the IEEE Standard for Interconnecting Distributed Resources with Electric Power Systems, Amendment 1; IEEE Standard 1547a-2014 [13] . Operation outside of these specified ranges can cause inverter-connected generation assets to trip off-line during the transient [8] .
While some microgrids are operated with over-sized diesel generating units to increase the system inertia [14] , [15] , this leads to units running at a lower average power. This reduces efficiency, and can lead to increased capital costs and increased maintenance due to generator wet stacking [16] . As an alternative to the installation of additional or larger units, it is possible to increase the utilization of the control systems on existing generators. One example of this would be to engage the voltage regulation equipment on microgrid distributed energy resources (DERs) to improve primary frequency response during system transients: switching operations, load changes, and/or tripping of generating assets. This can be accomplished by taking advantage of the conservation voltage reduction (CVR) effect.
CVR is a well-known phenomenon where a reduction in voltage results in a reduction of active and reactive power consumption at end-use loads, and system losses to a lesser extent [17] - [19] . The CVR effect is used in commercially available Volt-Var Optimization (VVO) technologies which have been deployed for over 30 years on distribution systems [20] - [23] . In commercial VVO systems, CVR is engaged by controlling voltage regulators and shunt capacitors to reduce system voltages to the low end of the acceptable range, typically the ANSI U.S. Government work not protected by U.S. copyright. C84.1 Range A band in North America [24] - [27] . The ability of VVO systems to reduce energy consumption and peak load has been verified in multiple field deployments [28] .
Currently deployed VVO schemes use a persistent voltage reduction to reduce the peak load and/or annual energy consumption [24] - [27] . The work of [29] has also examined the use of voltage regulators to control frequency in islanded microgrids. In all of the documented deployments, CVR has been used to affect the end-use load on time-scales in excess of one-minute; it has not been engaged on a time-scale that can affect the primary frequency response to transients [20] - [29] . The inability to affect dynamic stability can be attributed to the fact that most commercial VVO schemes control voltage using a combination of tap changing voltage regulators and shunt capacitors, devices which have intentional time delays and electro-mechanical actuators [30] . Despite their historic reliance on voltage regulators and capacitors, numerous papers examine VVO schemes based on the control of DER inverters [31] - [35] . However, there have been few field deployments to date that actively control DER inverters as an active participant in VVO.
This paper presents a control method that uses the existing voltage regulation equipment on DERs to improve the primary frequency response to transients, enabling networked microgrid operations. Specifically, engaging the automatic voltage regulator (AVR) controls, on the sub-second time-scale, to mitigate the deviations in frequency that occur in low-inertia microgrids during transients. By engaging the AVR on DERs, it is possible to make use of the voltage-dependent flexibility of end-use loads to reduce the magnitude and duration of frequency transients [17] - [19] , [36] - [38] . The effect of the voltage-dependent flexibility of end-use loads is similar to the synthetic inertia technologies used on wind turbines [39] - [41] , except that the resource engaged is the end-use load. The presented method varies from traditional VVO technologies both in the duration over which it operates, and in its ability to respond to load increase or load decreases.
The rest of this paper is organized as follows: Section II examines the operational considerations of low-inertia resiliency microgrids and Section III presents the control method to improve primary frequency response. Section IV contains the simulations results and Section V contains the concluding comments.
II. OPERATIONAL CONSIDERATIONS OF RESILIENCY-BASED NETWORKED MICROGRIDS
The relatively stiff voltage source of a substation provides distribution circuits and grid-connected microgrids a stable frequency and voltage [9] . When microgrids are operated in an islanded mode, without a stiff voltage source, switching operations can result in larger than normal frequency and voltage transients [42] .
A. Inrush and Saturation During Switching Transients
The benefits of operating networked microgrids include the ability to optimize the loading on fossil generation units, the ability to combine rotating inertia, and generation redundancy [8] . To gain these benefits, it may be necessary to conduct The magnitude of the current inrush is dependent on the amount of load energized, the number of transformers energized, and the extent to which transformer cores are saturated [36] . The magnitude of the frequency and voltage transient is dependent on the magnitude of the inrush, the amount of rotating inertia on the microgrid, and the capabilities of the speed control governors and voltage regulators. Additionally, the magnitude of the transient will be affected if any distributed resources trip off-line during the transient due to a low-frequency condition.
B. Frequency Control in Microgrids
The control of frequency and the associated operational reserves in a microgrid is analogous to operations of the bulk transmission system. When there is a large change in load or significant dispatch change of generation assets, frequency control operates at three levels [43] , [44] . One of the most significant differences between bulk transmission systems and microgrids is the size of the load increase, or loss of generation assets, as a fraction of total system load. In bulk transmission systems, the loss of generation is the primary concern, and the interconnection frequency response design criteria is typically less than 5% for the United States Eastern and Western Interconnections [44] .
In a microgrid, a single step increase in load can be over 20% of the end-use load, resulting in larger frequency transients. The plots in Fig. 1 show the idealized operation of primary, secondary, and tertiary frequency control of a microgrid during a large step-increase in load. The information in Fig. 1 is based on the work of [43] and [44] , but applied to microgrids. Using the discussion of ideal transmission system frequency response in [43] as a basis, a similar architecture can be adopted for microgrids based on Fig. 1 . Primary frequency control occurs at the level of individual controllers which are often droopbased. This can include rotating machines and grid-forming inverters, if they are present; grid-following inverters do not support primary frequency control. In extreme cases, underfrequency load shedding can also be part of primary frequency control [43] . Primary frequency control operates to arrest the initial decrease in frequency and to partially restore frequency, but does not restore it to nominal. Secondary frequency control dispatches assets to restore frequency to nominal, 60 Hz in North America. Secondary frequency control can occur using a secondary controller that is not associated with a single generator, such as a Woodward easYgen-3000 controller, or a dedicated microgrid controller [45] . Tertiary frequency control re-dispatches units, and possibly changes unit commitment, to restore the reserves that were expended during the operation of primary and secondary frequency control [43] .
During the loss of a generating unit or large step-increase in load, primary frequency control is what arrests the initial decrease in frequency. The minimum frequency, the nadir, of a transient is a function of the primary frequency controls and the inertia of the system [9] , [43] .
C. Frequency Nadir of Low-Inertia Microgrids
As the penetration of grid-following, inverter-connected generation increases on a microgrid, the system inertia decreases [9] , [40] . As a result, switching transients will create larger frequency deviations, as shown in Fig. 2 . The change in frequency shown in Fig. 2 is due to a switching transient, shown for three different penetrations of inverter-connected photovoltaic (PV) generation: 0%, 25%, and 50%. For the three cases shown in Fig. 2 , it is assumed that as the penetration of PV increases, the penetration of rotating generation is reduced, thus leading to the reduced system inertia.
As can be seen from Fig. 2 , with a lower inertia it is more likely that transients on the system will be large enough to trip inverters which are IEEE Standard 1547a-2014 compliant, which can lead to the collapse of the microgrid [13] . One solution is to increase the system inertia by over-sizing the rotating generation assets, but in many cases this is not cost effective. Another option is to actively engage the existing control systems to improve the primary frequency response.
III. ENGAGING CONSERVATION VOLTAGE REDUCTION TO IMPROVE PRIMARY FREQUENCY RESPONSE
This section presents a method of engaging generator AVR controls as part of the primary frequency response to minimize the frequency nadir during switching operations to support networked microgrids. This section includes a review of CVR, the presentation of the control scheme, and the process by which the control set points are tuned.
A. Traditional Implementation of CVR
Historically, CVR has used a persistent voltage reduction to reduce the annual energy consumption and/or the peak demand of distribution circuits. The effectiveness of engaging CVR is a function of the end-use load composition, the size of the end-use load, and the ability to lower the average voltage [12] - [20] . The typical commercial VVO scheme uses a combination of endof-line (EOL) voltage measurements, supervisory control and data acquisition (SCADA) data, system models, and advanced analytics to optimize the operation of voltage regulators and shunt capacitors. As a result of the communication systems used, and the control delays used to prevent oscillatory switching, the majority of commercial VVO schemes operate on a time-scale of several seconds to minutes [20] - [28] .
As previously discussed, CVR-based systems have been in operation at the distribution level for over 30 years and there is extensive literature on the topic [20] - [28] . In addition to the literature, there have been numerous field deployments which have provided verifiable data on the expected performance of these systems. One of the most common "rules of thumb" to have been produced is the 0.7 value for the conservation voltage reduction factor (CVRf) [20] . A value of 0.7 for CVRf indicates that for every 1% reduction in average system voltage, there will be a 0.7% reduction in the energy consumption. The value of CVRf is an averaged value over a period of time, typically a week or longer. While the 0.7 value for CVRf is commonly used, it is also understood that this is an average value and the instantaneous values are typically slightly higher due to the response of thermostatically-controlled end-use loads [28] . As a result, it is expected that when engaging CVR for dynamic stability, it should be possible to achieve a response greater than the typical CVRf.
B. Use of CVR to Improve Primary Frequency Response During Load Changes and Switching Operations
The previous section reviewed how the CVR effect has historically been used, and the basis for its performance. In this section, the CVR effect is leveraged by engaging the AVR controls of diesel generators to adjust their terminal voltages during a transient. Typically, AVR controls compare a reference voltage to a sensed voltage and adjust the field excitation of the generators to drive the difference to zero [9] , [46] . In the presented system, the modified-AVR control also compares the frequency, as measured at its terminals, with a nominal reference value, 60 Hz in North America, and adjusts the voltage as appropriate. Specifically, when frequency decreases below the nominal frequency, the terminal voltage will be reduced in an attempt to reduce system load. Conversely, when frequency increases above nominal, the terminal voltage will be increased in an attempt to increase system load. Fig. 3 shows the injection of the new error signal into the existing simple exciter (SEXS-type) AVR through an added proportional-integral (PI) controller 3 and Table I describes its variables and parameters.
During a switching transient, the associated frequency drop will result in a negative input signal to the PI controller. Consequently, the output of the PI controller, ΔVref, will be negative, reducing the terminal voltage. The reduced terminal voltage reduces the average system voltage leading to a reduction in load, and reduced electrical torque on rotating machines.
In a simple PI control, the integration of the error signal affects the steady-state operation point after the error signal is driven to zero [47] . Since it is possible that the AVR controls will drive voltages to levels that are not acceptable for a steadystate condition, it is necessary that the voltage return to nominal after the frequency returns to nominal. For this purpose, an exponential decay is introduced, λ, in the integration block of the controller to reduce the integrated error over time.
The expectation from this modification is that the controller will reduce/increase voltage in response to a negative/positive frequency deviation and then return to its original value when the frequency deviation is eliminated. The advantage to this is that the operator has an extra degree of freedom and can choose to give priority to reducing the rise time of either the voltage or the frequency deviation by controlling the decay rate.
C. Tuning the Modified-AVR Controller for Switching Operations
For the modified-AVR controller to operate properly, it is necessary to tune the various control values. The PI controller has a proportional and integral gain constant that must be set to provide fast response to frequency changes in the system, without causing dynamic instabilities. For this controller, it was found that a derivative gain was not necessary, and did not improve performance. To fully tune the added CVR control section shown in Fig. 3 , it is necessary to determine the values of K P , K I , λ, ΔV RE F M I N , and ΔV RE F M AX . Values within the standard range, as shown in Table I , are used for the gains within the simple exciter (SEXS-type) AVR.
The dynamic representation of microgrids are complex enough that most dynamic control systems are not model-based. Specifically, it is not possible to linearize the behavior of fullsize microgrids about a single operating point, and to then apply traditional signal processing and control theory methods to determine stability margins. As a result, the constants of the modified-AVR Controller in Fig. 3 cannot be based on an analysis of the poles and zeros of the system. In the absence of a system model, two of the most popular methods to tune the gains of a PI controller are the Ziegler-Nichols and Cohen-Coon methods. Manual tuning can also be adopted in cases where these methods fail to produce usable values [48] , [49] .
For this work, the Cohen-Coon method was selected because it is better suited for self-regulating processes and is capable of providing a relatively faster initial response [48] , which is essential to support primary frequency response. The Cohen-Coon tuning method is used to find initial values of K P and K I , then operational heuristics are used to determine λ, ΔV RE F M I N , and ΔV RE F M AX . The full Cohen-Coon tuning process is a well-developed technique and additional detail can be found in [48] , [49] . The equations for determining K P and K I are shown in (1) and (2).
where g p and t d are the proportional gain and the dead time.
The tuning process for the Cohen-Coon method requires that a step input be applied to the system and the response observed for calculating the gains for the controller. The step input is provided by changing the voltage set-point of the AVR control, resulting in a ΔV S , and measuring the associated frequency deviation, Δf. The proportional gain is calculated as shown in (3) .
Once the value of g p is calculated, it is necessary to determine the values of the dead time, t d and time constant τ . The value of t d is calculated from the time difference between the time of change in voltage setting and the intersection of the tangential line to maximum slope of frequency change and the original value of frequency on the time axis. The value τ is determined from the time difference between the end of the dead time and the time at which frequency reaches 63% of its total change. Both of these steps are a standard part of the Cohen-Coon tuning process.
Using the values of g p , t d , and τ , it is possible to calculate the PI gains, K P and K I , as shown in (1) and (2).
With the PI gains of the controller determined, it is necessary to next determine the decay rate term, λ, and the values of ΔV RE F M I N and ΔV RE F M AX . It is possible that λ can be set to zero if the operator wants to manually reset the voltage after a frequency deviation. However, this would involve continuous observation and control of the system, requiring responses and quick action by the operators, which is typically not desirable. A reasonable value of λ is selected so that the voltage returns to nominal within a few seconds after the occurrence of a transient. Determining the values of ΔV RE F M I N and ΔV RE F M AX are operationally specific and will be discussed in Section IV.
Similar to the control set points that are used on common generator controls, the gains of the presented controller are determined in advance, most likely during the commissioning phase of the project. After the control gains are set, the control operates as an on-line system. After that, the controller operates in real-time. The values of λ, ΔV RE F M I N and ΔV RE F M AX , are not control gains, and can be adjusted in real-time.
IV. SIMULATION RESULTS
This section contains the results of dynamic simulations conducted using the modified-AVR control and tuning methods presented in Section III. This section examines multiple cases of networked microgrid operations using a modified version of the IEEE 123-Node Test System [50] . All simulations in the following sections are conducted using the open-source GridLAB-D simulation environment [51] .
A. Test System for Simulations
The IEEE 123-Node Test System is used to represent a distribution circuit with multiple microgrids [50] . This system was selected because the PES Test Feeder Working Group is still in the process of developing a suitable test case [52] . The modified version of the test system has a combination of diesel generators and inverter-connected PV; the inverters are compliant with IEEE Standard 1547a-2014 [13] and are grid-following. The frequency ranges for IEEE Standard 1547a-2014 are shown in Table II . Consistent with the IEEE 123-Node Test System, the end-use loads are represented by a composition of constant impedance, constant current, and constant power elements [30] .
For the default settings in Table II , it can be seen that larger transients will cause the inverters to trip sooner. Specifically, for a frequency transient less than 59.5 Hz and greater than 57.0 Hz, the inverter will stay connected for 2.0 seconds. However, if the frequency drops below 57.0 Hz, the inverter will trip in 0.16 seconds. The standard addresses Over-Frequency (OF) conditions as well as Under-Frequency (UF) conditions.
The modified system has three sections that can form stable self-regulating microgrids, and a fourth section that has a high penetration of PV, but with no ability to independently form a stable microgrid. Therefore, the modified system is divided into three microgrids and a "region" which can potentially be energized from one of the microgrids, but cannot form a stable microgrid on its own. A one-line diagram of the modified IEEE 123-Node Test System is shown Fig. 4 .
The DERs of the three microgrids and one region are shown in Table III . For each of the ten generation sources, Table III indicates which microgrid or region they are located in, which node they are connected to, the generator type, the rated apparent power, and the controller type(s) installed on the unit.
While the grid-following PI controllers of the PV do not actively regulate voltage, they can influence it. The controllers use direct quadrature (d q ) values for the proportional and integral gains; this includes direct proportional and integral gains, K P d and K I d , as well as quadrature proportional and integral gains, K P q and K I q . The set points used for the simulations are:
The diesel generators are represented using the classical machine representation with speed control governors and AVR controls included [9] . The speed control governors use the GGOV1 model, which has the ability to regulate frequency to a nominal value of 60 Hz [46] . While the GGOV1 speed control governor was originally designed for use with gas turbine units, it can be used on diesel generators by turning off a sub-set of functions [46] . When used in this capacity, the GGOV1 provides performance which is representative of the wide range of controllers that can be deployed on microgrids. The diesel generators also use the SEXS-type modified-AVR control that was shown in Fig. 3 , which is able to regulate voltage to the nominal value. Similar to the GGOV1, the SEXS AVR was originally designed for use on transmission-level generation, but it provides a response that is an accurate representation of the wide range of AVR controls which are deployed on microgrids.
The PI controllers on the PV units use a standard gridfollowing representation. In these controllers, the input power from the solar panels is converted to an active power output via a Maximum Power Point Tracking (MPPT) function. Gridfollowing PI controllers do not regulate frequency or voltage. While the presented work is equally applicable to grid-forming inverters, only grid-following inverters are considered here because they are more commonly deployed for cost reasons.
B. Loss of Substation Service
For the cases examined in this section, it is assumed that the three microgrids are able to seamlessly transition to individual stable islanded operation when there is a loss of service to the substation. The ability to seamlessly transition from gridconnected to islanded operation has been extensively studied, and will not be examined in this paper. Once the substation service is lost, the three microgrids form stable islands with inverter-connected generation providing approximately 60% of the power to microgrids 2 and 3; 1,000 kVA from diesel generators and 1,500 kVA from PV. This penetration of inverter-connected PV results in a relatively low system inertia. Region 4 is de-energized because the solar PV in this region does not have the ability to regulate frequency and voltage. However, because of the customers who are not being serviced, and the large amount of solar capacity in this region, the system operator may wish to re-energize the region from one or more of the islanded microgrids. This would increase the number of customers served, and decrease fuel consumption through the increased PV generation.
Due to the amount of de-energized load in Region 4, no single microgrid has the generation capacity to pick up this load prior to the PV being restarted. To address this operational limitation, the system operator can parallel one or more microgrids to provide the necessary capacity. The challenge with doing this is that in addition to meeting the capacity requirements, it is necessary that the transients of the switching operation not result in generation being tripped off-line; in particular, the IEEE Standard 1547a-2014 compliant PV inverters. Therefore, case 1 examines an attempt to energize Region 4 with the microgrid formed by paralleling Microgrid 2 and Microgrid 3. Microgrid 1 is operating near its rated limit, so it is not paralleled with Microgrid 2 and 3.
C. Case 1: Re-Energizing Region 4 (With Microgrid 2 & 3)
In Case 1, the nameplate capacity of Microgrid 2 and 3 is sufficient to support the combined load of Microgrid 2, Microgrid 3, and Region 4. However, due to the switching transient necessary to energize Region 4, it is not feasible. It can be seen in tion capacity, leading to the collapse of the two microgrids, as well as the failure to energize Region 4.
D. Case 2: Re-Energizing Region 4 (With Over-Sized DG)
In Case 1, the combination of Microgrid 2 and 3 was not able to energize Region 4 because the low-inertia resulted in primary frequency response that was not able to arrest the initial frequency drop. One method to address this would be to build a system with a greater inertia. In particular, increase the rating of G5 from 800 kVA to 1,000 kVA. It is shown in Fig. 6 that the increased inertia from the increase in generator rating results in an improved frequency response, with a nadir that does not result in a loss of the PV generation.
While oversizing the rotating machinery is a technically viable method for improving the primary frequency response, it is not always cost effective. Another option is to engage the voltage regulation equipment as described in Section III.
E. Case 3: Re-Energizing Region 4 (With CVR Control)
Case 3 uses the same generator sizing as in Case 1, with the difference that the voltage regulation equipment on the rotating machines are engaged to improve the primary frequency response. While it would also be possible to engage inverters for voltage regulation, in this case it is assumed they are gridfollowing units. The set points for the CVR controller in Case 3 are K P = 20, K I = 400, λ = 10, ΔV RE F M I N = 0.95 p.u. and ΔV RE F M AX = 1.05 p.u.
When the modified-AVR controls are engaged, it can be seen in Fig. 7 that Microgrids 2 and 3 are able to energize Region 4. Despite the lower system inertia, the engagement of the CVR controller improves the primary frequency response so that the inverters in Microgrid 2 and 3 remain in operation during the transient.
To achieve the results shown in Fig, 7 , the CVR controllers are engaged with a voltage range of +/− 5%; ΔV RE F M I N = 0.95 p.u. and ΔV RE F M AX = 1.05 p.u. The traces in Fig. 8 show the voltage at the terminals of G2 for Case 3, as well as the voltage at a remote location, Node 151. Additionally, Fig. 8 shows the voltages at the same locations for a more Under normal operating conditions, Range A of ANSI C84.1 defines that the voltage at the point of interconnection, the service voltage, should be 114 V-126 V (0.95 p.u. to 1.05 p.u.); this is the desirable range. Range B of the standard allows for a "tolerable" value of 110 V-127 V (0.92 p.u. to 1.06 p.u.). Operating in Range B is not intended to be indefinite, and utilities typically take actions to correct the condition when it occurs.
The ranges of ANSI C84.1 are often applied to microgrids, but they are typically not a physical limitation of the system. It is technically possible to operate at levels below even Range B for short periods of time. While this would not be a recommended steady-state condition, it would be possible for the modified-AVR controls to drive voltage well below ANSI bands for a few seconds if it would prevent the system from collapsing. For example, the voltage limits of the CBEMA curve could be used as the "hard limits" [53] . The allowable lower limit of the voltage reduction would need to be determined by the microgrid operator, taking into account the sensitivity of the end-use loads.
F. Determining Time to Return Voltage to Nominal
The value of λ directly impacts how quickly the terminal voltage of the generator returns to the nominal value. The higher the value of λ, the quicker the voltage returns to nominal. Similar to other control set points, it is possible to select high values of λ that lead to an unstable system. Therefore selecting the correct value of λ is just as important as the values of K I and K P . For this work, the value of λ was selected as the minimal value that returns the terminal voltage to nominal within approximately 5 seconds. The 5-second basis is an operational judgment, and can vary between operating mode and between microgrids.
V. CONCLUSION
The deployment of networked microgrids offers the potential to significantly increase the resiliency of critical end-use loads. However, the switching operations necessary to support networked microgrids produce transients that can cause dynamic instabilities in low-inertia systems. System instabilities can be even greater when there is a high penetration of inverter-connected generation which is IEEE Standard 1547a-2014 compliant. This paper has presented a method of engaging voltage control devices to improve the primary frequency response on low-inertia systems during large step-increases in load, loss of generation events, during extreme solar transients on weak microgrids, and during other system transients which affect the generation and load balance.
The adjustments of the voltage control devices occurs in the dynamic time-frame and the CVR effect is leveraged to minimize the frequency nadir during a transient. The result is an improved primary frequency response, improving resiliency, without the need to oversize existing generation units or to add additional units. The presented work has focused on engaging the AVR controls of diesel generators, but it could also be used with other devices that regulate voltage, such as grid-following inverters. Future work will examine the coordinated engagement of diesel generator AVR controls and grid-forming inverters, as well as other methods of tuning the controller to improve its ability to support primary frequency response.
